Abstract: Background. Early detection of squamous cell carcinoma (SCC) in the oral cavity can improve survival. It is often difficult to distinguish neoplastic and benign lesions with standard white light illumination. We evaluated whether a technique that capitalizes on an alternative source of contrast, tissue autofluorescence, improves visual examination.
Five-year survival rates for patients with advanced squamous cell carcinoma (SCC) of the oral cavity are poor and have not improved significantly over the past 30 years.
1,2 Early detection of neoplastic changes in the oral cavity might be the best method to improve patient survival rates. 3 -6 The current method of oral cancer diagnosis, visual examination of the oral cavity, relies heavily on clinical expertise in recognizing early neoplastic changes. However, discerning premalignant and early malignant lesions from common benign inflammatory conditions by visual examination can be difficult, even for experienced practitioners. Visual screening has been reported to have a sensitivity of only 74% and a specificity of 99%, and a positive and negative predictive value of 0.67 and 0.99, respectively. 7 Furthermore, both practitioners and patients are often reluctant to perform the invasive, sometimes painful biopsies that are required to confirm the presence of precancer or even early cancer. 8 Thus, despite the easy accessibility of the oral cavity to examination, there is no satisfactory method to adequately screen and detect precancers noninvasively. Developing noninvasive and accurate techniques that can facilitate the early detection of neoplastic changes has great potential to improve survival rates and lower treatment costs in persons prone to have malignancies develop in the oral cavity. 3 There is a particular need for a simple, inexpensive, and objective screening method that can provide real-time results and be routinely applied to a large population.
Optical tools developed using knowledge of light and tissue interaction can provide such fast, noninvasive methods of cancer diagnosis. Normally, we observe reflected white light from objects, because this is the dominant light -tissue interaction. The conventional clinical method of oral cancer diagnosis relies on evaluation of tissue reflectance under illumination with white light. However, it is also possible to observe tissue autofluorescence, in which optical contrast between normal and neoplastic tissue might be significantly greater. 9 -11 When molecules within tissue absorb incident light, they may release energy in the form of fluorescent light. 12 The intensity and color of the fluorescence gives information about the local biochemical composition of tissue. Molecules capable of emitting light caused by optical excitation are called fluorophores. Autofluorescence originates from many endogenous fluorophores present in the tissue such as the crosslinks in the structural proteins collagen and elastin, the metabolic co-factors nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD + ), aromatic amino acids, such as tryptophan, tyrosine, and phenylalanine, and porphyrins. 8,12 -15 Tissue fluorescence signatures are of particular interest, because spectral changes might reflect changes in metabolic activity and communication between the epithelium and the stroma. 16 -18 Several studies have previously explored whether spectroscopic or visual assessment of oral cavity autofluorescence properties can aid in oral cancer detection. It has been shown that spectroscopy of native oral fluorescence can discriminate between normal and neoplastic mucosa. 8,11,15,19 -22 Fuchs 23 used a Woods lamp to illuminate the oral cavity tissue and then appraised the visually perceived differences. Bergenholtz and Welander 24 used a Hasselblad camera equipped with a set of filters for different excitation/emission conditions to record ultraviolet autofluorescence signal. Consistent trends in the observed photographed signal were reported from these studies. Onizawa et al 25 applied a custom photography system with built-in ultraviolet flash lamps exciting at 360 nm, and recorded autofluorescence greater than 480 nm achieved 88% sensitivity and 94% specificity in visually discriminating various oral cavity malignant conditions from the obtained images.
Although visual examination remains the mainstay for oral cancer diagnosis, our eyes are not optimized for the visual detection of neoplastic oral disease. Ordinarily, tissue fluorescence is not visible by eye, because it is masked by much more intense reflected light. However, by the use of spectral filters routinely used in fluorescence microscopy and flow cytometry that can block much of the reflected light, 13, 19 oral autofluorescence can be perceived directly by the eye. Even so, the human eye can only extract a fraction of the existing chromatic information because of the physiologic properties of the color detection mechanisms. 26 The three types of cone photoreceptors have broadly overlapping spectral sensitivities, which might reduce the potential diagnostic contrast available when viewing tissue fluorescence. The excitation and illumination conditions used to image oral cavity fluorescence in previous studies were not optimized to enhance the differences in tissue fluorescence that can be perceived by the human visual system. In this article, we present our results obtained using an autofluorescence imaging system in which the illumination and observation conditions have been optimized to take into account the limitations of the human visual system. Our approach to enhance visually perceived contrast involves optimization of illumination and fluorescence observation conditions by multispectral filtering of the excitation and emission light. This can be achieved in practice by exciting fluorescence with a fiberoptic illuminator and wearing a pair of filter glasses to observe tissue fluorescence. The selection of the excitation and observation filter combinations was governed by previous analyses performed in our laboratory. In two spectroscopic studies, 8, 19 we measured the intensity of fluorescence of normal and neoplastic oral sites as a function of excitation and emission wavelength. In this work, we demonstrated that quantitative measurement of tissue fluorescence intensity could yield greater sensitivity and specificity relative to clinical examination, with best results at 350-, 380-, and 400-nm excitation.
Next, we asked the question, ''In which spectral bands is the human eye most sensitive to differences between the normal and neoplastic tissue fluorescence signatures?'' With the data from the spectroscopy studies and a model that predicts performance of a human observer in a colordiscriminating task at the level of photoreceptors, 27 we predicted that optimal contrast would be achieved with excitation at 440 nm and observation between 500 and 560 nm (unpublished data).
This article describes the first prototype of a system constructed to excite and view fluorescence at these excitation and emission wavelengths. We evaluated the performance of this system in discriminating between normal and neoplastic lesions in oral cavity tissue resections. Our results demonstrate the feasibility of enhancing the perceived contrast between normal and neoplastic oral tissue with this approach, suggesting that simple, cost-effective devices that have potential to improve oral cavity cancer screening can be constructed.
MATERIALS AND METHODS
Instrumentation. Figure 1 shows a diagram of the system used to excite and view oral cavity fluorescence. The system consists of a light source filtered to provide optimal tissue illumination and a filter used to create optimal observation conditions. Fluorescence was viewed by eye and photographed using a standard 35-mm camera. The illumination is provided by a 300-watt Xenon ceramic short arc lamp with integrated parabolic reflector (Cermax, Perkin Elmer, Sunnyvale, CA). A cold mirror rejects radiation roughly below 300 nm and above 625 nm, preventing UV and infrared radiation from reaching the bandpass illumination filters. The cold mirror directs the collimated illumination beam into the filter wheel (Oriel Instruments, Stratford), which houses bandpass filters (Chroma Technology, Rockingham, VT). One of the filter wheel slots is left empty to provide white light illumination. Table 1 summarizes the filter specifications; the first three (350, 380, 400 nm) illumination conditions were selected on the basis of quantitative detailing of the entire emission spectrum, whereas the last (440 nm) was selected taking into account the performance of the human visual system.
The collimated beam passes through the filter box and is then focused onto a flexible fiberoptic bundle (Multimode Fiber Optics Inc, East Hanover, NJ), which can be used as a hand-held illuminator. The bundle is 5 mm in diameter and filled with 200-Am core diameter quartz fibers. The total length of the cable is 2.5 m. The system operator can guide the illuminating light in the entire oral cavity. The optimal operating distance is 20 to 30 cm, illuminating a surface from 4 to 8 cm in diameter.
Fluorescence was viewed through glasses containing a bandpass filter with maximum transmittance at 530 nm (60-nm bandwidth). To document tissue autofluorescence signal, a 35-mm SLR Canon EOS 630 camera was used to photograph fluorescence passing through the same bandpass filter. An EF 100-mm Canon macro lens was used for collection optics. The images were recorded on Kodak professional PORTRA 160 NC film, developed and printed professionally. The camera was fixed on a photographic copy stand above the imaged specimen. The distance between the camera lens and the specimen was adjusted so that the imaged resection filled the entire field of view. The three fluorescence images were photographed with 30 seconds exposure time and 2.8 f stop. The white light image was photographed at 1/350 second exposure time and 5.6 f stop.
Clinical Data. Four fresh tissue resections of a known or suspected premalignant or malignant oral cavity lesion were visualized and photographed after completion of frozen section margin assessment and before processing the specimen for permanent pathologic analysis. The specimens were first rinsed with saline before multispectral imaging. The fluorescence of each specimen was observed visually and then photographed with each of the four fluorescence illumination/observation conditions: 340, 380, 400, and 440 nm excitation, and 530 nm 60 BP observation, followed with a white light image. After tissue imaging, multiple 2-to 4-mm punch biopsies were performed and the specimens submitted for standard histopathologic diagnosis. The biopsy specimens were stained with a standard H & E protocol and read by a board-certified pathologist (AE) blinded to the results of the fluorescence images. The tissue was photographed again to record the punch biopsy sites for further analysis.
Data Processing. Each of the fluorescence and the white light images were evaluated by an experienced head and neck surgeon (AG), who was blinded to the histopathologic diagnosis of the punch biopsy specimens. Suspected neoplastic areas on printed photographic images were encircled. Punch biopsy sites were then overlaid on top of the images with drawn margins, and the diagnosing ability of each observation condition was evaluated relative to histopathologic diagnosis. Abnormal biopsy sites accurately detected and encircled within the tumor margin area were counted as true positives, and those left undetected outside the tumor margin were considered as false negatives. The normal biopsy sites accurately discriminated from the neoplastic suspicious areas were counted as true negatives, and those that were encircled within the tumor margin area were counted as false positives. Two definitions of abnormal tissue were used; in the first, only biopsy specimens showing cancer were counted as abnormal, and in the second, biopsy specimens showing either cancer or dysplasia were included as abnormal.
RESULTS
Four oral cavity resection specimens were evaluated: one severe dysplasia of the tongue, one mild dysplasia of the tongue, one invasive SCC of the buccal mucosa, and an invasive SCC of the floor of mouth. In all cases, autofluorescence was easily visible by the eye and yellow-green in color. Figures 2 through 5 show a white light photo- graph and autofluorescence images of all resected specimens. In each image, yellow lines encircle the suspected tumor margins, and the punch biopsy sites are overlaid. The punch biopsy sites are coded according to the histopathologic diagnosis: solid white represents normal tissue, blue represents dysplasia, orange represents carcinoma in situ, and dashed white represents cancer. Figure 2 shows the white light image and four fluorescence images obtained from the buccal mucosa resection. Seven punch biopsy specimens were obtained. The fluorescence images show a bright green fluorescent area with two regions of lower intensity that appear dark. The evaluating clinician highlighted these two regions as the suspicious cancerous areas. The corresponding white light reflectance image presents with much more color and textural detail. It is easy to discern the raised lesion in the center. There is also noticeable erythroplakia in the upper right hand corner of the image; however, its margins are not defined, and the clinician included only a portion of that area in the suspected tumor margin. It is readily appreciated that using the four fluorescence imaging modes neoplastic areas could be identified with greater sensitivity. Both the dysplastic and the cancerous sites were detected accurately and discriminated from normal tissue. However, standard white light reflectance examination missed two cancerous sites. Figure 3 shows the white light image and four fluorescence images obtained from the resection from the floor of the mouth. The white light reflectance view of the tumor resection presents many details: speckled red and white areas, many topographic features, and areas of tissue necrosis. The autofluorescence images of this tissue resection again show a green autofluorescence with a central darker region. The suspected tumor margins drawn on all the fluorescence images encircled these areas of lower intensity, which encompassed a slightly smaller area than that of the corresponding white light image tumor margin. Five punch biopsy specimens were obtained; the overlaid punch biopsy sites reveal that the autofluorescence observation technique achieved greater specificity. One dysplastic biopsy site fell on the specified tumor margin in two fluorescence images excited at 380 and 440 nm and was falsely identified as negative with 340-nm excitation. Figure 4 shows the white light image and four fluorescence images obtained from the resection of a tongue lesion with severe dysplasia. The white light reflectance image of this resection presents minimal detail. The fluorescence images show lower intensity at the upper right hand area of the images with 340-and 380-nm excitation, and extended lower intensity areas spanning the upper half of the 400-and 440-nm excitation images. Four punch biopsy specimens were obtained. The biopsy results showed that white light reflectance observation failed to detect the region identified as carcinoma in situ, whereas all four fluorescence images detected it accurately. Exciting at both 340 and 380 nm, two dysplastic sites were not discerned from the surrounding normal tissue, and the biopsy site diagnosed as SCC fell on the drawn tumor margin. However, exciting at 400 and 440 nm, all the abnormal areas were diagnosed accurately. Figure 5 shows the white light image and four fluorescence images obtained from a tongue resection for mild dysplasia. In the white light reflectance image, a slightly darker center area was encircled as the suspected lesion. In three autofluorescence images (excited at 380, 400 and 440 nm) two central dark areas are visible against the bright green background. However, excitation at 340 nm did not yield any perceivable contrast. Six punch biopsy specimens were obtained. All the imaging methods missed one dysplastic site. Nonetheless, three fluorescence images were able to discriminate normal sites with higher specificity than with white light reflectance observation.
The results of histopathologic analysis of the biopsy specimens and their distribution are summarized in Table 2 . Of the 23 biopsy specimens, seven were normal, eight dysplastic, and eight malignant. Normal pathology included hyperkeratosis, hyperplasia, and inflammation. The eight dysplasias ranged from mild to severe. One malignant biopsy was a carcinoma in situ (CIS), and seven were invasive SCCs. In all the further analyses, CIS was grouped with SCC and considered as cancer. Of the seven normal biopsy specimens, three showed the presence of inflammation on histologic examination. Six of the eight dysplasias, the one CIS, and three of the seven SCCs had inflammation, and the inflammation grade varied from mild to severe.
The sensitivity and specificity of each illumination/observation condition were calculated on the basis of agreement between the visually perceived tumor margins and histopathologic findings for the 23 biopsied sites. Results are summarized in Figure 6 . Initially, sensitivity and specificity were calculated grouping dysplasia and cancer together as diseased (Figure 6a ). Subsequently, sensitivity and specificity were evaluated when discriminating cancer from normal and dysplastic sites together (Figure 6b) .
Three of the four different fluorescence illumination/observation conditions yielded higher sensitivity and specificity compared with white light examination. Under white light illumination, sensitivity for cancer detection was 87% and specificity was 67%; for detection of dysplasia and cancer together, sensitivity was 75% and specificity was only 43%. The best results were achieved with illumination at 400 and 440 nm, where sensitivity and specificity for detection of cancer were 100% and 83% at both wavelengths. For detection of dysplasia and cancer together, sensitivity and specificity were 91% and 86% at 400-nm excitation and 94% and 78% at 440-nm excitation.
DISCUSSION
Fluorescence images obtained with the vision enhancement system consistently revealed lower intensity autofluorescence signal from the neo- Table 2 . Summary of tumor and biopsy sites for the patient set.
Tumor location
Number of biopsies Normal Dysplasia CIS SCC Patient 1  Buccal mucosa  7  1  2  4  Patient 2  Floor of mouth  6  2  2  2  Patient 3  Tongue, superior  4  2  1  1  Patient 4  Tongue, inferior  6  4  2  Total:  23  7  8  1  7  Presence of inflammation  13  3  6  1  3 Abbreviations: CIS, carcinoma in situ, SCC, squamous cell carcinoma. Inflammation grade varied from mild to severe.
FIGURE 6. Top: Sensitivity and specificity for discriminating normal tissue from dysplasia and cancer based on white light and fluorescence images. Bottom: Sensitivity and specifity for discriminating cancer from normal tissue and dysplasia using white light and fluorescence images.
plastic oral cavity sites. This observation is consistent with the findings obtained by our group 19, 28 and others, 14,20 -22,29,30 where dysplastic and cancerous emission spectra presented with overall lower signal intensity than normal tissue.
The best sensitivity and specificity were achieved when fluorescence was observed with a 60-nm spectral band centered at 530 nm with excitation at either 400 or 440 nm. These optimal excitation wavelengths correlate with the findings by Heintzelman et al 19 from quantitative evaluation of spectroscopically collected data and from an analysis of the performance of the human visual system. The least favorable results were achieved at 340-nm excitation. The task of discriminating cancer from normal and dysplastic sites yields much higher sensitivity and specificity for all the fluorescence images and white light illumination compared with the task of discerning dysplasia from normal oral mucosa. This finding correlates with the diagnostic observation: dysplastic lesions are more difficult to identify in the oral cavity and are often similar in appearance to normal tissue. Although we evaluated only a small number of specimens, the presence or absence of inflammation did not seem to affect our ability to use fluorescence images to discriminate between the normal and neoplastic tissues.
The exact mechanisms underlying alteration in epithelial autofluorescence with malignant progression remain unclear. The overall optical signal that can be detected is determined by the relative quantities and distribution of tissue fluorophores that fluoresce and chromophores that absorb or scatter light. Fluorophores that are likely to contribute strongly to autofluorescence of oral tissue include collagen cross-links, reduced NADH, oxidized FAD, and amino acids such as tryptophan. 13, 14 With excitation at 400 nm, it is possible that the decrease in fluorescence intensity in the abnormal sites of tissue resections is also due to hemoglobin absorption. Hemoglobin absorbs strongly at 420 nm.
14 Tumors are associated with angiogenesis leading to progressively increased microvessel density 31 -33 ; the increase in blood volume might result in reduced autofluorescence signal. Also, collagen cross-link decomposition, associated with neoplasia development, 18 contributes to the reduction of fluorescence signal intensity. Mü ller et al 21 have shown that oral cavity carcinoma is accompanied by an increase in epithelial thickness, which reduces the depth of penetration of excitation light that reaches stromal collagen, thus reducing its contribution to the total signal.
An important limitation to this study is that it was performed using ex vivo specimens. The possible contributions to the optical signal from metabolic cofactors NADH and FAD, collagen cross-links, and hemoglobin might be affected when tissue is resected, and the optimal activation wavelengths in vivo might differ from those determined on excised tissue. Schomaker et al 30 have demonstrated that NADH present in the tissue is oxidized to NAD + in anaerobic conditions initiated by tissue excision, and fluorescence from this metabolic cofactor decreases exponentially within 2 hours after the resection. To minimize this effect, we imaged the tissue immediately after excision, with the maximum time elapsed not exceeding 1 hour, minimally affecting tissue viability. However, our findings will need to be confirmed through inspection of oral lesions in vivo using this system. Nevertheless, our results demonstrate proof of the concept of enhancing the ability of clinicians to visualize neoplastic oral tissue using defined wavelengths to visualize native tissue autofluorescence.
When identifying tumor margins on the white light images, the physician was guided by visual cues learned from training and experience in oral cavity cancer diagnosis. When analyzing the autofluorescence images, she did not have any previously developed skills in recognition. The results presented here, although based on a small sample size, demonstrate that the proposed autofluorescence imaging technique might provide better sensitivity and specificity than standard white light examination, even when a clinician having no experience in evaluation of fluorescence images performs such diagnosis. This suggests that the vision-enhancement technique has the potential to improve oral cavity cancer diagnosis for even inexperienced practitioners.
This visualization system provides a technique with potential to analyze the entire epithelial surface rapidly and noninvasively, while retaining cues already used by clinicians in oral cavity cancer diagnosis and sharpening the perceived contrast between normal and abnormal mucosa with optimized spectral filtering. Noninvasive, rapid, cost-effective, and simple devices can be constructed on the basis of the concept of enhanced visualization. Such a vision enhancement system not only can be used as a diagnosing tool but also can aid in tumor margin determination during surgery. Enhanced visualization tools can also be used to guide high-resolution imaging devices such as in vivo confocal microscopy and optical coherence tomography (OCT). These endoscopic microscopes can provide highresolution images of cellular morphology and tissue architecture from a small field of view (< 500 Am). Without appropriate guidance to select suspicious fields to image with high magnification, confocal microscopy and OCT would be ineffective for entire oral cavity screening. With appropriate guidance from the simple autofluorescence imaging presented here, endoscopic microscopes would be rendered more effective in their application for localized diagnosis.
This visualization system will need to be tested and refined in both an office and an operative setting to determine whether our observations on resected specimens will correlate with the findings in vivo. A prospective clinical trial is being initiated to evaluate this important point. In addition, it will be important to evaluate and compare the autofluorescence that can be detected from cancerous, dysplastic, and inflammatory tissue to determine how well the physicians can distinguish between these entities using selected illumination conditions and white light. The results presented here are an important step in this development process, because they provide proof of concept to support future in vivo trials.
The presented system was developed for diagnosis of oral cavity cancer; however, one can extend the same principle to cancer diagnosis in other sites where visual examination is possible, such as laryngoscopy, bronchoscopy, colposcopy of the cervix, or endoscopic colonoscopy. This represents an enormous opportunity to develop simple, inexpensive, but accurate, devices that capitalize on these findings.
